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VAPOUR PROCESSES
5.1 Introduction

A vapour is a mixture of gas and particles of liquid in suspension and It can be 
liquified by moderate changes of pressure or temperature. When a vapour undergoes 
the process of heating or expanding, its dryness fraction changes continuously due to 
the evaporation of its liquid content or due to the condensation of the gaseous part 
of the vapour. Since the state (proportion of liquid and gas) of a vapour may be 
changing during a thermodynamic process, it does not obey the laws of perfect gases.

The pressure, volume and temperature of vapour are not connected by any simple 
relationship such as is expressed in the characteristic equation for a perfect gas. 
Equations have been developed from experiental results, from which, tables giving the 
properties of vapours are compiled. Since experimental results, somewhat vary, the tables 
for the properties of a given vapour, such as steam, as prepared by different investigators 
do not exactly agree. The quantities tabulated in vapour (steam) tables are : the 
pressure, saturation temperature, specific volume, enthalpy and entropy.

The process of vapour (steam) formation from liquid state has the following important 
characteristics :

.. If the process of vapourization is carried out at constant pressure, the temperature will 
remain constant until vapourization is complete, that is, until the liquid is completely 
evaporated. The vapour is then said to be dry saturated.

.. The heat supplied during the process of vapourization changes its state gradually from 
the liquid state to the gaseous state.

.. If further heat is added after the dry saturated vapour state is reached, the temperature 
will again rise gradually and the vapour is then said to be superheated.

.. During the process of superheating a vapour at constant.pressure, the volume will 
increase approximately in proportion to the absolute temperature, which indicates that 
the vapour is approaching the state of a perfect gas.

.. If the pressure on the surface of the liquid is increased, the temperature at which 
evaporation is taking place also increases and vice versa.

.. If the temperature and consequently the pressure of vapourization increases, the enthalpy 
of evaporation required to obtain the change of state decreases. In other words, the 
enthalpy of evaporation decreases with the increase of pressure and temperature but 
the enthalpy of saturated water increases under this condition. The specific volume 
decreases with the increase of pressure and temperature.

.. The enthalpy (total heat) of dry saturated vapour increases if the saturation temperature 
is increased. This is, however, true at lower pressures and temperatures as in this range 
of pressures and temperatures, the rate of increase in sensible enthalpy is greater than
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the rate of decrease in latent enthalpy with the increase in pressure. After certain 
saturation temperature (e.g. for steam at 235-72‘C), the rate of increase in enthalpy of 
saturated water is less than the rate of decrease in enthalpy of evaporation and hence, 
the enthalpy of the dry saturated vapour decreases. This will continue to happen until a 
saturation temperature is reached when the enthalpy of evaporation becomes zero and 
the enthalpy of dry saturated vapour becomes equal to the enthalpy of saturated water. 
This will be well understood by referring to tables of properties of dry saturated steam. 
This saturation temperature is called critical temperature and the corresponding pressure 
is called critical pressure. The state of the substance (vapour) at the critical temperature 
and pressure is called its critical state.

.. Each vapour has its own critical temperature and pressure. For example, the critical 
temperature of steam is 374-14'c and its critical pressure is 220-9 bar. Steam cannot 
exist as saturated vapour, above this critical temperature. At any temperature higher than 
the critical temperature, this substance (vapour) can only exist as a gas, whatever the 
pressure may be. At critical temperature, the specific volume of dry saturated vapour 
becomes equal to the specific volume of the liquid from which it is being formed.

5.2 Thermodynamic Processes
The general energy equations applicable to perfect gases are also applicable to 

vapour and the procedure of finding the change of internal energy is also the same 
as was adopted in case of gases. The different processes of expanding and compressing 
gases are also applicable to vapours but the results that will be obtained may be 
different. In each of the thermodynamic processes, some property of the vapour will 
remain constant from which its final state may be determined. The equations for the 
work done by a vapour will be the same as those used for a perfect gas, since the 
equations for the work done are based on mathematical laws of expansion or compression.

The different thermodynamic processes for vapour may be classified as constants 
volume, constant pressure, constant temperature (isothermal), constant pv or hyperbolic, 
constant p\P or polytropic, constant entropy - or frictionless adiabatic (isentropic) and 
constant enthalpy or throttling.

In this chapter, in each of the processes, one kilogram of steam at an initial 
condition of absolute pressure pu specific volume vsu absolute temperature Ti and 
dryness fraction x i will be considered but the same method can be applied to any 
other vapour.

5.2.1 Constant Volume Process : If one kg of wet steam at initial pressure p i 
and dryness fraction x i is heated at constant volume to final pressure p2, its dryness 
fraction will change. Let x? be the final dryness fraction of the steam. Then, since 
volume remains constant,

Volume before heating = Volume after heating
i.e. xivsi = X2Vs2

The values of the specific volumes (vsi and Vs2) for the pressures p i and p2 can 
be obtained from the steam tables and final state of the steam, i.e., X2 can be 
detenmined from eqn. (5.1) for the given value of xu

X1VS1 ...(5.1)

Internal energy = enthalpy of _ external work 
1 kg of steam of evaporation
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i.e. Ui = H i ------------5 k j and Uo = H ? -------------- , ------ kJ

103 103
where p i and p2 are in bar.

If p i and p2 are in kPa, then, m= Hi -  p i (xivsi) kJ and U2 » H2 -  P2 (X2Vs2) kJ.
Hence, change in internal energy, 112 -  ui may be calculated. Since in this process 

there % is no change in volume, no external work is performed, i.e. W -  0.
Applying law of conservation of energy, .

Heat supplied, Q -  (U2 -  ui) + W = U2 -  u i + 0 ■ U2 -  ui kJ.
Problem-1 : One kg of steam at an initial condition of 6 bar and 0-2 dry is heated 
at constant volume until the pressure is 20 bar. What is final state of steam and how 
much heat is added ?

For steam tables, at 6 bar, vs -  0 3157 m3/kg, h = 670-56 kJ/kg and L = 2,086-3 
kJ/kg, and at 20 bar, vs -  0 09963 m3/kg, h = 908-79 kJ/kg, and L -  1,890-7 kJ/kg.

Using eqn (5.1), x'i x vsi -  X2 x Vs2

■■■ *  = -  = " V b U i ”  “  a634 dnr I™  stat«)

Enthalpy at initial and final conditions,
Hi = h i + X1L1 = 670-56 + 0 2 x 2,086-3 =» 1,087 82 kJ/kg and
H2 = h2 + x2L2 = 908 79 + 0 634 x 1,890-7 = 2,107 5 kJ/kg

105 p i X (X1VS1)
Initial internal energy, u\ = H i    =--------

103

■ i.087-82 6
10

= 1,087-82 -  37 88 = 1,049 94 kJ/kg,

„  , . , . u 105P2 X X2Vs2Final internal energy, U2 = H z -----— ----------
103

o 105 x 20 x 0 634 x 009963
=  2 ,1 0 7 -5  — ---------------------------- 5------------------------

103
= 2,107 5 -  126-33 = 1,981 17 kJ/kg

Change in internal energy, U2 -  ui *  1,981-17 -  1,049-17 = 93123 kJ/kg.
Applying law of conservation of energy, heat supplied, Q = (U2 — ui) + W
No work is done during a constant volume process i.e. W = 0
:. Heat supplied, O = (U2  -  ui) + W = 931-23 + 0 = 931-23 kJ/kg.
5.2.2 Constant Pressure Process : If heat is supplied to steam at constant 

pressure, its dryness fraction and internal energy change, and the work is done against 
constant external resistance (pressure). This represents the evaporation (or drying) of 
wet steam. •
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Let the dryness fraction of one kg. of steam changes from xi to X2 at pressure 
p bar by the addition of heat. If the specific volume of .steam at presure p  bar is vs
m3/kg,

_ . . . . ... 105p X X2VS 105 p X XI VsExternal work done, W = ----- r - =---------------- ------------
103 103i

-  10 5 P X vs(x2 ~ x i) k ,

103

Heat supplied, Q = (U2 -  u i) .+ W

' 10s p  *  w
103

„  10 p X XI vs
rff ~ ---------- 1 ------

103
10 p  X V s (X 2 -  X1 ) +  r  ------------

103
w H2 -  Ha kJ ...(5.2)

This means that the heat supplied to steam, at constant pressure is equal to the 
change in enthalpy of steam.

As long as steam is wet its temperature has a definite value at a given pressure 
and as such the temperature remains constant in a constant pressure process. From 
this fact it follows that for wet steam, a constant pressure process is also a constant 
temperature or isothermal process.

If the wet steam is further heated after the dry saturation condition is reached, it 
will be superheated. Let the absolute temperature of superheated steam be Tsup. Then,

10 p vsExternal work done,W = — -=—
103

S JTM \I sup
T ~ X1 Is

kJ

Heat supplied, Q = HSup -  Hi kJ
where, Hsup = Enthalpy of superheated steam, and Hi = Enthalpy of wet steam.
It may be noted that once the steam is superheated, the expansion will no longer 

be isothermal.
Problem-2 : One kilogram of steam at a pressure 7 bar and 0-7 dry is heated at 
constant pressure until it becomes dry saturated. How much heat is added ? What is 
the change in internal energy ? If the process is continued until the final temperature 
is 200'C, how many kJ are required to be added ? Take kp for superheated steam 
as 2 1 kJ/kg K.

At 7 bar, from steam tables,
h = 697-22 kJ/kg, L = 2,066 3 kg/kg, ts = 164 97‘C and vs = 0 2729 m3/kg.

Enthalpy for the initial state (wet),
Hr = h, + x,/.* = 697-22 + 07 x 2,066 3 = 2,14363 kJ/kg

Enthalpy for the final state (dry saturated),
H2 = hz + L2 = 697 22 + 2,066 3 = 2,763 52 kJ/kg

Using eqn. (5.2),
Heat supplied, Q = H2 -  H\ = 2,763 52 -  2,143 63 = 619 89 kJ/Jtg 

Initial volume, vi = xivsi = 0-7 x 0-2729 = 0-19103 m3.kg 
Final volume, V2 = vS2 = 0-2729 m3/kg (from steam tables).
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10 p x vi
Initial internal energy, ui = H i  ^ -----

103

= 2,143 63 - 10s x 7 x 019103 
103

= 2,009 91 kJ/kg

Final internal energy, uz = Hz -
10s p x vz 

103

= 2,763 52 - 10s x 7 x 0 2729 
103

= 2,572-49 kJ/kg.

.-. Change in internal energy, U2 -  u i -  2,572-49 -  2,009-91 = 562-58 kJ/kg.
Enthalpy of superheated steam at 7 bar and 200*C,
Hsup -  Hs + kp{tsup -  ts) = 2,763-52 + 2-1 (200 -  164-97) = 2,837-08 kJ per kg

/. Heat supplied to superheat 1 kg of steam upto 200*C from dry saturated 
condition,

up -  H2 = 2,837-08 -  2,763-52 
* *= 73 56 kJ/kg

5.2.3 Constant Temperature (Isothermal) Process : As explained in the constant 
pressure process, for wet steam, a constant temperature process is also a constant 
pressure process. As soon as the steam becomes superheated, it will approximately 
behave like a perfect gas and will follow hyperbolic law at constant temperature. The 
isothermal process will, therefore, be hyperbolic process for superheated steam, i.e. 
product of pressure and volume will remain constant.

5.2.4 Hyperbolic Process : For wet steam, the hyperbolic process, i.e. pv = 
constant, is not an isothermal process as in the case of perfect gases. In case of 
superheated steam, hyperbolic process may be regarded as an isothermal process since 
superheated steam behaves like a perfect gas.

Let 1 kg of wet steam at initial pressure p i and dryness fraction x i be expanded 
in a cylinder, according to the law pv = constant, to the final pressures p2 and unknown 
dryness fraction X2. Then,

Initial volume of steam, vi = xivsi, and
Final volume of steam, V2 = X2V2
The values of specific volumes (vsi and vS2) for pressure p i and P2 can be 

obtained from steam tables.
Then, as pv = constant, p iv i = P2V2 i.e. pi(xivsi) = p2(x2vS2) ... (5.3)
From which the final state of steam, i.e. X2 can be calculated. If X2 is found to 

be greater than unity, it follows that the steam is superheated. Then, assuming the

superheated steam to behave as a perfect gas, final volume, vz = Vs2 x
» S

where, Tsup — absolute temperature of superheated steam (unknown), and
Ts = absolute temperature of formation of steam at pressure p2 (from 

steam tables).
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Thus, hyperbolic law is, pi(x ivsi) = pz
r
Vs2 X

• sup

103 

... (5.4)

From eqn. (5.4), the value of Tsup can be calculated.

But, as p i(x ivsi) m P2(X2VS2) or pz Vs2 x Tsup'

\

I.e. P 1 V1 m P2V2,

it follows that the external work of evaporation is constant for a hyperbolic expansion.
Now, Hi = hi + xiLi  kJ and H2 = h2 + X2L2 kJ, if the final condition of steam 

is wet,
or H2 -  h2 + L2 + kp (tsup -  ts) kJ, if steam is superheated.

Hz -  H1 = U2 + ------q “
105 p iv i]

u\ + —
103 103

=  U2-U1  kJ ... (5.5)

where p i and p2 are in bar.
Thus, for hyperbolic expansion, change of internal energy is equal to change in 

enthalpy.

105 pi x vi loge (1) 105 p i (xi vsi) loge (1)
10d 10J

Work done on piston, W m.

where, r  = = —
^  Pz

Applying law of conservation of energy, heat transferred during the process,

10s pi (Xi vs1) loge (0
Q = W + (u2 -  ui) =  G iJ  + {Uz-  U1} kJ

103

kJ ... (5.6)

(5.7)

Problem-3 : One kg of steam at a pressure of 8 bar and 90% dry is expanded to 
a pressure of 0-4 bar. If the expansion is hyperbolic, determine : (a) the final condition 
of steam, and (b) the quantity of heat transferred between the cylinder walls and steam, 
stating the direction. Take kp of superheated steam as 2-1 kJ/kg K.

From steam tables, at 8 bar, vs 0-2404 m3/kg, h = 721-11 kJ/kg, L = 2,048 kJ/kg
and at 0-4 bar, vs = 3 993 m3/kg, H = 2,636 8 kJ/kg, ts = 7587’C.
(a) As the expansion is hyperbolic, p iv i = P2V2
Then, pi(x ivsi) = P2 (X2VS2) i.e. 8 (0 9 x 0-2404) = 0-4 \X2  x 3-993)

1 7389 , - Q
• • X2 *■ 1-5972 = 108

This shows that the steam is superheated at the end of hyperbolic expansion as 
X2 is greater than unity.

Then, p f (xrvs/) = pj> x
T A •sup
T&

i.e. 8 x 0-9 x 0-2404 = 0 4 x 3 993 x - - - - s-up—  -75-87 + 273
TSup = 378-1 K i.e. tsup = 378 1 -  273 = 105-1 *C



i.e. Final condition of steam is superheated by Uup-ts2 = 105-1 -  75 87 ■ 29 23‘C
/^v M - /cev 1AI ^ J • .  M/ 105P1 (xv-si)log«(/)(b) Using eqn. (5.6), Work done on piston, W =  —— —g—  ----
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105 x 8 x (0-9 x 0-2404) loge f™  

103

10"

= 519 8 kJ/kg

H, « hi + XiLi = 721-11 + 0-9 x 2,048 = 2,564-31 kJ/kg
= Hs2 + Ap(/Sip -  ts2) = 2,6368 + ( 2-1 x 29-23) = 2,698-18 kJ/kg

Using eqn.(5.5), Change of internal energy, U2 - U 1 = change in enthalpy, H2 -  Hi
= 2,698-18 -  2,564 31 -  133-87 kJ/kg

Applying the law of conservation of energy, Heat transferred, Q -  W + (112 -  ui)
= 519 8 + 133 87 *  653 67 kJ/kg

Positive value indicates that heat is received by the steam from cylinder walls 
during expansion.
Problem-4 : One' kilogram of steam at a pressure of 4 bar and 0-9 dry is compressed
in cylinder according to the law pv = constant to a pressure of 12 bar. Calculate the
final condition of steam and the heat removed during the process.

From steam tables,
At 4 bar, vs = 0 4625 m3/kg, h = 604 64 kJ/kg, L = 2,133-8 kJ/kg;
and at 12 bar, vs = 0-16333 m3/kg, h = 798-65 kJ/kg, L = 1,986-2 kJ/kg.
As the compression is hyperbolic, p iv i = P2V2 or pi(x ivsi)  = ps{x2vS2)

. x = P! x E M  = J P 5 x = 0849 (final dryness fraction)
PZ Vs2 12  X 10 0 16333

Now, H2 = h2 + x2L2 = 798 65 + 0-849 x 1,986-2 = 2,484-92 kJ/kg
Hi =  hi +  X1 L 1 m 604 64 +  0-9 x 2,133-8 -  2,525-16 kJ/kg

Using eqn.(5.5), change of internal energy, U2 -  ui -  change of enthalpy, H2 -  Hi 
= 2,484 92 -  2,525 16 = -  4024 kJ/kg

Using eqn. (5.6), work done,

105 pi V) loge ^  105 x p! (X! vs1) loge ~  105 x p, (x  ̂vs1) loge ^
. . .  PZ HZ r1W =* —

103 103 103
.  105 x 4,0.9 x 0 4625, tog.3 ^  _  m  

103
Applying the law of conservation of energy,
Heat transferred, Q = W + (U2 — ui) = — 183 — 40-24 = — 223 24 kJ/kg
Negative value of O indicates that heat is removed from steam, i.e. 223-24 kJ/kg 

is rejected by the steam to the cylinder walls during compression.
5.2.5 Polytropic Process : This process is covered by the general law p i/7 = 

constant. During this process there is a transfer of heat between steam and the cylinder
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walls and external work is done on the piston. The law is applicable to saturated steam 
and also to superheated steam.

Let 1 kg of wet steam be expanded in a cylinder so that the expansion follows 
the law p v n = constant, the value of n being known. Let the initial condition of the 
steam be pressure p i and dryness fraction xu and let the steam be expanded to a 
pressure p2 and unknown dryness fraction xz

Now, p iv in m p2V2n, i.e. P 1  (XlVsl)n =  P2(X2Vs2)n
1

*2 = p±
Pz

X
...(5.8)

Ks2
from which the value of x2 may be calculated. If x2 is found to be greater than unity, 
the steam will be superheated after the expansion. In that case,

1

Pi (*1 ^ l) = P2 vs2 X
T  ' '  1sup

Tsup —
Pi
P2

*1^1 x  X
VS2

...(5.9)

Now, Hi = h i + X1L1 kJ
H2 = h2 + X2L2 kJ if steam is wet after expansion or
H 2  =  Hs2  +  kp ( tsup -  ts) kJ if steam is superheated after expansion.

l j  105 p i (X IV s l) . . .  mm 105 P 2(X 2 Vs2) . .Also ui = H i   kJ and uz = H2  — s  kJ
10°

105P2
l>2 — Hz ~

vs2. X 

^lO3

[sup

10°
If wet after expansion, or

kJ if superheated after expansion,

where p i and p2 are in bar
Work done on piston during expansion,

W =

W =

±05 p i VI -pzvz _ 10® pi (XiVsi) - pz(xzvgz)
103 n -  1 103 n - 1

19:
103

p i (X1VS1 ) - P 2  Vs2 X 

n-1

Tsup

kJ if wet after expansion, and

kJ if steam is superheated after expansion.

Applying the law of conservation of energy,
Heat transferred, Q = W + (U2 -  ui) kJ
This will give the heat absorbed from or rejected to the cylinder walls by the 

steam during expansion. Positive sign will indicate that heat is received by the steam 
from the cylinder walls and negative sign will indicate that heat is lost or rejected by 
the steam to the cylinder walls.
Problem-5 : One kilogram of steam at a pressure of 7 bar and 09 dry expands 
according to the general law p v11 = C in a cylinder to a pressure of 1 bar, the value
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of the index of expansion being 1-3. Find : (a) the quality of the steam at the end 
of expansion, (b) the work done, and (c) the heat transferred through the cylinder walls.

p From steam tables, at ’7 bar,
h = 697 22 kJ/kg, L = 2,066-3 kJ/kg,
vs = 0-2729 m3/kg; and at 1 bar,
h = 417-46 kJ/kg, L = 2,258 kJ/kg,

and vs = 1-694 m3/kg.
(a) As p iv in = p2V2n,

pi(xivsi)n = P2(X2VS2)n
7 x 105 (0-9 x 0-2729)1,3

= 1 x  105 (x2 x  1-694)13

V
7 x 105 x 0-1612

= 1 x 105 x (X2)1 3 x 1 985
X2 = 0 6424 dry (final state)

(b) Work done during expansion according to the law p t/1 = C,

W= 10“
102

P1V1 -P 2VZ 105 '7  x 0 9 x 0 2729 -  1 x 0-6424 x 1 -694'
n - 1

11

®
»i 1 3 - 1

= 210-4 kJ per kg

(c) Hi = hi + X1 L 1 « 697-22 + 0-9 x 2,066-3 = 2,556-89 kJ/kg 
H2 = h2 + X2 L2  = 417-46 + 0-6424 x 2,258 = 1,86846 kJ/kg

Initial internal energy, 1/1 = 2,556 8 9 - 10* x 7(0 9 x 0 2729)
10J

-  2,384 97 kJ/kg

 ...................  ̂ ^  10s x 1 (06424 x 1-694)Final internal energy, uz = 1,868-46-------------  z--------------'  = 1,760-1
10°

kJ/kg

Applying law of conservation of energy,
Q = W + (U2  -  ui) = 210-4 + (1,760-1 -  2,384-97) = -  41447 kJ per kg.
Since value of Q is negative, heat is rejected by the steam to the cylinder walls, 

i.e., heat is extracted from the steam.
Problem-6 : Expansion of the steam in a cylinder follows the law pv1' = constant. 
The state of steam at the commencement of expansion is 10% wet and at 3 bar, and 
the expansion is continued until the volume is four times that at the commencement. 
Calculate the quantity of heat which passes into or out of 1 kg of steam during 
expansion.

From steam tables, at 3 bar, h -  561-47 kJ/kg,
L = 2,163 8 kJ/kg, vs = 0-6058 m3/kg.
Now, initial volume of steam,
vi = xivsi = 0-9 x 0-6058 = 0-5452 m3/kg

'  q
Final volume, V2 = 4 x 0-5452 = 2-181 m /kg.
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Now, p 1Vi n =  p 2V2 n

pz = -£ 1— 

V1
(4)11 = 0 65 bar

The work done during expansion ac-
cording to the law p v 11 = C is given by

Work done,
10 x p iv i - 105 x pzvz 

103 ( n - 1)

105 x 3 x 0 5452 -  105 x 0 65 x 2-181

W =

103 x 0-1

= 217-9 kJ/kg

From steam tables at 0-65bar, h = 368-54 kJ/kg, L= 2,288 3 kJ/kg, vs2 = 2 535 m /kg

vz 2181
Dryness fraction, x2 = —  = 2535 = 086

H, « ^  + xrLy = 561-47 + 0-9 x 2,163-8 = 2,508 89 kJ/kg 
H2 -  h2 + x2L2 -  368 54 + 0 86 x 2,288 3 = 2,336-48 kJ/kg

Initial internal energy, u1 m 2,508-89 -

Final internal energy, uz = 2,336-48 -

10* x 3 x 0 5452 
103

10s x 0-65 x 2181 
103

= 2,345 33 kJ/kg

= 2,194 71 kJ/kg

Applying law of conservation of energy,
O .  W + (u2 -  Ui) = 217-9 + (2,194-71 -  2,34533) = + 67 28 kJ/kg

Since Q is positive, heat is received by steam,
i.e. heat passes into the steam during expansion from an outside source.
Here, the steam source does 217-9 kJ/kg of work; the internal energy supplies 

only 150-62 kJ/kg, leaving 67-28 kJ/kg to be supplied from an outside source, which 
would probably be the steam jacket.

5.2.6 Isentropic Process : Since during this process there is no transfer of heat 
between the medium (steam) and the cylinder walls, external work will be done on the 
piston during the process of expansion at the cost of internal energy, if friction is 
assumed to be absent. The exponent of law p vn = constant no longer has a constant 
value as it has for a perfect gas. However, the external work can be calculated directly.

Let 1 kg of steam at pressure p i and dryness fraction xi, be expanded isentropically 
in a cylinder to a final pressure pz■ The final dryness fraction xz at the end of expansion 
(in which friction is totally absent) can be determined by applying the rule that entropy 
of the steam before expansion is equal to the entropy of the steam after expansion,

i.e. 4>W1 + X1 Oei = + xz Oe2



or 4>wt + *1 (4>s1 -<&»*) = + *2 (<1>S2 -  4>**2) .. (5.t0)
If the steam was initially superheated to an absolute temperature Tsup, 
eqn. (5.10) would become
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Oivt + + kplOQe

or <*>si + kplog0( ~ ^

f t  ^«8Up
f S -  <P*2 + X2 <t>e2

V \
=  ^  *2  +  X2  (<J>s2  -  <*>1*2)

   (5.11)

l l  T‘ )
Isentropic (ideal adiabatic) expansion is represented by a vertical line on the 

T-& and H-4> charts. The final condition of steam (xz) can also be read off directly 
from the chart.

Having determined the final dryness fraction (xz) of steam, the change in internal 
energy may be calculated as under :

u 105P1(X1VS1) . . . _  ' 105P2(X2Vs2) . .l/i = H i ----------- —=------   kJ and uz = H z   —o  kJ
103 103

where p i and pz are in bar
Heat transferred during isentropic (frictionless adiabatic) process, 0  = 0
Applying law of conservation of energy,
Heat transferred, Q « W + (uz -  in) i.e. 0 = W + (uz -  ui)
Hence, external work done, W = ui -  uz kJ .. (5.12)
This means that during an isentropic process, the external work done is equal to 

the change in internal energy.
For approximate results, it is often assumed that the law for isentropic process for 

steam is p vn = constant, where, n = 1-13 for wet steam, and n ■ 1*3 for superheated 
steam.

Dr. Zeuner has suggested the well known equation
n = 1 035 + 0-1x where x is the initial dryness fraction of the steam.

105 (pi x xi vsi -  P2 x xzvsz) , , ____
Then, work done on piston = ----- ^ — ;-----—----------------------------KJ .. (5.13)

10 (n -  1)

Problem-7 : One kilogram of steam at a pressure of 14 bar and 90% dry, is expanded 
isentropically to a pressure of 1 bar. If the final quality of the steam is 0785 dry, find,
using steam tables only, the external work done and the value of the index of isentropic
expansion, assuming that the law of isentropic expansion is according to the equation 
p\P -  constant.

From steam tables, at 14 bar,
h = 830 3 kJ/kg, L = 1,959-7 kJ/kg, vs = 0 14084 m3/kg;
and at 1 bar, h = 417 66 kJ/kg, L = 2,258 kJ/kg, vs = 1 694 m3/kg.

Now, Hi .  /7i + X1L1 = 830 3 + 0-9 x 1,959-7 = 2,594 kJ/kg.
H2 = h2 + x2L2 = 417 66 + 0-785 x 2,258 « 2,189 kJ/kg.
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Initial internal energy, 1/1 = H i ------10 p i (X1VS1)

10J
= 2,594 - 105x 14(0-9 x 0-14084)

10"
= 2,416-54 kJ/kg.

Final internal energy, uz = Hz -  - = 2,189 - 10 x 1 (0-785 x 1 694)
10° 10J 

= 2,056 1 kJ/kg
As the expansion is isentropic, external work done = change in internal energy, 
i.e. W = 1/1 -  uz = 2,416 54 -  2,0561 = 36044 kJ/kg.
Assuming the law for isentropic expansion as p\P = constant,

p m n = P2V2°

Index, n =
log

/ \  
P i
A= V
v\\  /

log

Pi
Pz

log

vz
w

^14 x 10s ̂  
1 x 105 1-1461

JO-785 x 1-694] 10183
09 [0  9 x 014084]

= 1 125

Problem-8 : One kilogram of dry saturated steam at 8 bar is contained in a cylinder. 
If it expands isentropically behind a piston to 1■ 1 bar, find, using the steam tables only, 
the external work done during expansion.

From steam tables, at 8 bar, <l»s = 6-6628 kJ/kg K, vs = 0-2404 m3/kg, H = 2,769-1 
kJ/kg and at 1-1 bar, = 1-3329 kJ/kg K, <DS = 7-3273 kJ/kg K, vs = 1-5495 m3/kg, 
h = 428 79 kJ/kg, L = 2,250-9 kJ/kg.

Entropy before expansion, 4>i = Entropy after expansion, O2 

i.e. Os1 = &W2 + x2 (4>s2 -  &WZ)
i.e. 6 6628 = 1 3329 + x2 (7-3273 -  1-3329) x2 = 0-893

Now, (from steam tables), Hi = 2769-1 kJ/kg
H2 -  hz X2L2 = 428 79 + 0 893 x 2,250-9 = 2,437-79 kJ/kg.
As Hie expansion is isentropic, work done W = change in internal energy, u\ -  U2

:. W = (Hi -  H2) -
105  (p i X Vst -  pz X xzvsz)

-  (2,769 1 -  2,437-79) -

10

10s (8 x 0-2404 -  1 1 x 0-893 x 1 5495) 
103

= (2,769 1 -  2,437-79) -  40-12 = 291-19 kJ/kg.
Problem-9 : Steam at a pressure of 14 bar and with 105'C of superheat expands 
isentropically until it becomes dry and saturated. What will be the steam pressure after 
isentropic expansion ? Find the value of the index 'n’f assuming that the law of isentropic 
expansion is according to the equation p\P = C. Take kp of superheated steam as 2-1 
kJ/kg K.
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From steam tables, at 14 bar, Os = 6 4693 kJ/kg K, fe = 195-07’C and 
= 0-14084 m3/kg.

Entropy of steam at 14 bar and with 105*C of superheat (before expansion)

kp log€
( T ^'sup

*  6-4693 + 21 loge 195 07 + 105 + 273
} -

6 8954 kJ/kg K195-07 + 273
During isentropic expansion, the entropy is constant.

After isentropic expansion to dry saturated state, the entropy of steam is 6-8954 kJ/kg K 
(same as before expansion).

Referring to entropy column of steam tables for dry saturated steam (<DS), it will 
be found that the entropy of dry saturated steam at a pressure of 4 bar is 6-8959 
kJ/kg K, which is almost the same as the entropy at 14 bar and with 105'C of 
superheat,

i.e. steam after isentropic expansion to dry saturated state is at a pressure of 
4 bar.

Now, at 4 bar, vs = 0-4625 m3/kg (from steam tables).
.\ V2 = vS2 = 0-4625 m3/kg.

7s
NOW, = Vs1 x = 0-14084 x

7si
195-07 + 105 + 273 = 017243 m /kg195-07 + 273

Assuming the law of isentropic expansion as p i/1 -  constant, p i vin = pzvs"

Pi _ 
"  P2

Index, n =

*2

log
� _ \  
P i
P2

log V2
V1  ̂ /

= 13

5.2.7 Throttling Process : When steam is forced through a small orifice under 
pressure, the steam is said to be throttled. For example, throttling process occurs when 
steam passes through a partially open valve. At the orifice, eddies are formed which 
eventually reconvert kinetic energy into heat at the lower pressure, so that throttling is 
always a wasteful operation which lowers the quality of heat. For a flow through a 
small orifice, there is no change of potential energy, no external work is done, and if 
the pipe is well lagged (covered with asbestos rope or any lagging material) there is 
no heat transferred. Furthermore, in practical cases, the change in velocity is very small, 
hence we many write,

u\ + P i^i = uz + Pzv2 '-e- ^ i ■ ^2 kJ/kg .. (5.14)
That is to say, the enthalpy remains constant.
This process is also called constant enthalpy process. Since no work is done during

the expansion, the enthalpy remains constant. Some regard it as adiabatic expansion
with friction which converts all the kinetic energy into heat. As there is no change in
enthalpy of the steam, its final condition (xs) can be found as follows :
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hy + = /?2 + X2/-2

hy + Xy Ly — ho 
.. X2 = j (5.15)

If X2 is found to be greater than unity, steam is superheated after expansion. In 
that case, the temperature of superheated steam (tsup) after throttling may be obtained 
from the expression,

hy + x-jLj = Hs 2 + Ap(fSUp — £52) (5.16)
During the process of throttling, the temperature of the steam is slightly reduced 

but this is compensated by the heat produced due to the friction offered to the steam 
by the surface of the very small orifice through which the steam has to pass. This 
heat due to friction, dries the steam and once the steam becomes completely dry it 
will be superheated by further throttling.

This property whereby wet steam can be superheated by throttling, is used in 
steam calorimeters for measuring the dryness fraction of wet steam.

Throttling expansion is represented by a horizontal line on the Mollier (H -  4>) 
chart. The final condition of steam after throttling may be read off from the chart.

As throttling is an irreversible process, the area under curve on T -  O chart does 
not represent the heat supplied from an external source.
Problem-10 : Steam at 10 bar and 09 dry, is throttled to a pressure of 2 bar. Using 
the steam tables only, calculate the final quality of steam. Also estimate the change 
of entropy during the process. Represent the throttling process on T-<& and H -<$ 
diagrams.

(a ) T-4>diaaram (b ) H -^d iogram
Fig. 5-3.

From steam tables, at 10 bar,
/71 = 762 81 kJ/kg, Li = 2,015-3 kJ/kg, = 21387 kJ/kg K

d>si = 6-5865 kJ/kg K, and
At 2 bar, fa  = 504 7 kJ/kg, L2 «  2,201-9 kJ/kg, 0 *2  = 1-5301 kJ/kg K, 

< D s2 = 71271 kJ/kg K.
For throttling process (1-2) of fig. 5-3,



Enthalpy before throttling = Enthalpy after throttling,
i.e. H) = H2 

i.e. hi + X1L1 -  hz + xzL2
. i.e. 762 81 + 09 x 2,015-3 *  504-7 + x2 x 2,2019

.*. xz = = 0-941 (final quality of steam)

Initial entropy, 01 = Own + xi (Osi -  Owl)
= 2 1387 + 09  (6-5865 -  2 1387) = 6 1417 kJ/kg K

Final entropy, 02 = Owe + *2 (Os2 -  0*2)
» 1 5301 + 0941 (7-1271 -  1-5301) = 6-7969 kJ/kg K

/. Change in entropy during throttling = 6-7969 -  6-1417 = 0-6552 kJ/kg K .

Problem-11 : The temperature and pressure in the main steam pipe from the boiler 
are 31 O'C and 11 bar respectively. Before the steam enters the engine cylinder it is 
throttled down to 7 bar. The steam is then expanded isentropically to 15 bar. Calculate
the following, using the steam tables only :

(i) the condition (temperature) of steam before isentropic expansion (or after throttling), 
and (ii) the condition of steam after isentropic expansion. Take kp of superheated steam 
as 21 kJ/kg K.

From steam tables, at 11 bar, ts = 184-09’C, Hs -  2,781-7 kJ/kg;
at 7 bar, ts = 164 97’C, Hs = 2,763-5 kJ/kg, 0 S = 6 708 kJ/kg K,

at 15 bar, ts -  111 37*C, <t>w -  1-4336 kJ/kg K, Os = 7 2233 kJ/kg K.
(i) Condition of steam after steam is throttled down to 7 bar :

As the steam in the main pipe from the boiler is superheated, enthalpy of 1 kg 
of steam,

H, = Hs1 + kflsupi -  ts1) -  ‘2,781-7 + 2-1 (310 -  184 09) = 3,046-1 kJ/kg.
As the steam is throttled down to 7 bar before entering the cylinder, the enthalpy 

before and after throttling is same, i.e. steam after throttling is at 7 bar and has 
enthalpy of 3,046-1 kJ/kg. This shows that the steam is superheated after throttling as 
enthalpy of dry saturated steam at 7 bar is 2,763-5 kJ/kg (from steam tables).

Hi = H2 = Hs2 + kp(tsup2 -  ts2)

i.e. 3,046-1 = 2,763 5 + 2-1 (tsuP2 -  164-97)

/. tSup2-  164-97 = 3,046 12~ 2,7635 = 1346 tsupz = 299 57’C

This shows that the steam after throttling or before isentropic expansion is at 7 bar 
and at a temperature of 299-57‘C, i.e., steam after throttling is superheated by 
299-57 -  164-97 = 134-6*C or degree of superheat is 134-6’C.

(ii) Condition of steam after isentropic expansion to 1-5 bar :
Entropy of 1 kg of superheated steam at 7 bar - and 299-57*C,
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02 = 0 s2 + kp loge
f 7“1 sup2

-  6 7 0 8  + 2 1  =* 72714  w /k9 K



Entropy of 1 Kg of wet steam at 15 bar,
<1>3 =  O w3 +  X3 (4>s3 -  *  1-4336 +  X3 (7 2233 -  1-4336 ) »  1-4336 +  X3 x 5-7897

Now, as the expansion is isentropic, entropy is constant,
i.e. <t>2 (entropy before expansion) -  O3 (entropy after expansion)

i.e. 7-2714 = 14336 + X3  x 5 7897 X3  = 1008
This shows that the steam is superheated after isentropic expansion as the ̂ dryness 

fraction of steam (X3) is greater than unity.
f r sty3>
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Again equating O2 and O3, i.e. 7-2714 = 4>s3 + kp loge

i.e. 7 2714 = 7-2233 + 2-1 logG 

7 2714 -  7 2233

Ts3

' Tsuf& 
Ts3

log« Tsup3 
Ts3~ 21 = 0 0239

Tsuf&

TsQ
= 1-024 ( V loge 1-024 = 00239)

TSUP3 -  1 024 (111-37 + 273) = 392 6 K or feup3 = 119 6*C
i.e. Temperature of steam after isentropic expansion to 1-5 bar is 119-6’C.
or Steam is superheated by 119 6 -  111-37 = 8.23 C or Degree of superheat is 

823C.
Problem-12 : Steam at 10 bar and 95 percent dry expands isentropically to 4 bar 
after which it is condensed at constant volume until the pressure is 0-4 bar. Determine 
the dryness fraction of steam in its final state.

From steam tables, at 10 bar, <frw = 2-1387 kJ/kg K, <!>s = 6-5865 kJ/kg K;
at 4 bar, Ow = 1 7766 kJ/kg K, <DS = 6 8959 kJ/kg K, vs = 0-4625 m3/kg;

and at 0 4 bar, vs = 3 993 m3/kg.
Since the expansion from 10 bar to 4 bar is isentropic,
Entropy before expansion, O1 = Entropy after expansion, O2

i.e. + X] (Os1 -4>wi) = <S>W2 + x2 (<t>s2 -  ®W2)
i.e. 2 1387 + 0 95 (6 5865 -  2 1387) = 1-7766 + x2 (6 8959 -  1 7766) x2 = 0-8962

Let X3 be the dryness fraction after the steam is condensed at constant volume 
to 0 4 bar.

Then, x2vs2 = x3vS3 i.e. 0-8962 x 0-4625 = X3 x 3-993
x3 m 0-1038 (final dryness fraction)

Problem-13 : Dry saturated steam at 18 bar is throttled down to 15 bar and then 
expanded isentropically to 0-3 bar. Using the steam tables (but not the Mollier chart), 
find : (a) temperature (condition) of the steam after throttling, (b) the dryness fraction 
of the steam at the end of isentropic expansion, (c) the gain of entropy during throttling, 
and (d) the work done per kilogram of steam luring isentropic expansion. Draw the 
operations on the 7 - 0  diagram. Take kp of superheated steam as 2■ / kJ/kg.

From steam tables, at 18 bar, Hs = 2,7971 kJ/kg, Os = 6-3794 kJ/kg K;
HE 1 -8



at 15 bar, Hs -  2,792 2 kJ/kg, ts= 198 32*C, Os = 6 4448 kJ/kg K, vs = 0-13177 m3/kg;

at 0 3 bar, h = 289 23 kJ/kg, L *  2,336 1 kJ/kg, <t>w = 09439 kJ/kg K,

<J\, = 7 7686 kJ/kg K, = 5-229 m3/kg.

« /  Referring to fig. 5-4, 1-2 is
\  /  /  throttling process and 2-3 is

isentropic expansion.
(a) Enthalpy of dry saturated 

steam at 18 bar, Hi -  2,797-1 kJ/kg 
(from steam tables).

During throttling process (1-2), 
enthalpy is constant I.e. Hi = H2

Enthalpy of dry saturated at 15
bar,

Hs2 = 2,792 2 kJ/kg 
H2 -  Hg2 + kpltSUp2 -  ts2) 

i.e. 2,797-1 = 2,7922 + 21

(tSUp2 ~ 198 32)
*• Uup2 -  2 0 0  6 *C .
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o* 2  

«D A
hy. 5-4. Operations on diagiam.

(b) During isentropic expansion (2-3), entropy is constant, 
i.e. Entropy before expansion, O2 = Entropy after expansion, O3

i.e. <J>s2 + *p lo9e
( 7- 'v

•_sup2.

Ts2

i.e. 6-4448 + 2-1 log® ( 200-6 + 273  ̂
19832 + 273

=  +  *3  (^ 53  “

= 0-9439 + x3 (7-7686 -  0 9439)

Dryness fraction, X3 = 0 8

= 6-4448 + 2-1 loge 200-6 + 273 
198 32 + 273

= 6 4547 kJ/kg K(c) 4>2 = Os2 + ^plogel

Now, Entropy of dry saturated at 18 bar, O1 *  6-3794 kJ/kg K (from steam tables). 
Gain of entropy during throttling, <J>2 -  O1 = 6-4547 -  6-3794 = 0-0753 kJ/kg K

(d) Enthalpy at 15 bar and 200-6’C, H2 = 2,797-1 kJ/kg. 
initial internal energy at 15 bar and 200-6'C,

10 X Vs2

U2 = H z -

Tsup2
Ts2

105 x 15 x 0-13177
= 2,797 1 -

200-6 + 273 1 
198-32 + 273

10° 10”
= 2,598 5 kJ/kg.

Enthalpy at 0-3 bar and 0-8 dry, H3 = h3 + X3L3 = 289-23 + 0-8 x 2,3361
= 2,15811 kJ/kg
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Final internal energy at 0-3 bar and 0 8 dry,

U3 = H,3-  —
10 jP3 X  X3VsQ 

103
- = 2,158-11 *  -I 105 x 0 3) x (0 8 x 5 229)

103
- = 2,032 6 kJ/kg

As the expansion (2-3) is isentropic,
Work done, W = change in internal energy, U2 -  U3

= 2,5985 -  2,032 6 = 565 9 kJ per kg.
Problem-14 : Steam at 15 bar and 305’C expands isentropically to 3-5 bar. The steam 
is the throttled until it is dry saturated and then reheated at constant pressure until 
the degree of superheat is 60'C. Finally, the steam expands isentropically to 0-07 bar. 
Draw this cycle of operations on the enthalpy-entropy (H -  0 ) chart provided and 
calculate using the steam tables :(a) the final dryness fraction, (b) the heat supplied 
per kg of steam during constant pressure reheating process, and 1c) the available work
per kg of steam. Take kp of superheated steam as 21 kJ/kg K.
At 15 bar, Hs = 2,792-2 kJ/kg, ts = 198 32‘C, <DS = 6 4448 kJ/kg K; 

at 3 5 bar, <t>w = 1 7275 kJ/kg K, <DS= 69405 kJ/kg K, h = 584-33 kJ/kg, L = 2,1481 kJ/kg;

at 0-07 bar h = 163-4 kJ/kg, L = 2,409 1 kJ/kg, <PW = 0 5592 kJ/kg K, Os = 8 2758 kJ/kg K.

(a) Referring to fig. 5-5, and considering isentropic expansion 1-2, <l>i = o 2

Enthalpy at 2, H2 = h2 + X2L2 = 584-33 + 0-9879 x 2,148-1 = 2,705-5 kJ/kg.
Considering throttling expansion 2-3 (fig. 5-5):
Enthalpy at 2, H2 -  Enthalpy at 3, H3 = 2,705-5 kJ/kg
i.e. Enthalpy of steam after throttling at 3 is 2,705 5 kJ/kg, and from the data

given the steam becomes dry saturated after throttling.
Referring to the enthalpy (H) column of steam tables, it will be seen that enthalpy 

of 1 kg of dry saturated steam at 1-95 bar is 2,705-5 kJ/kg.
The pressure of steam after throttling at 3 is 1-95 bar and the steam is dry 

saturated.
From steam tables, at 1-95 bar, Hs = 2,705-5 kJ/kg, <DS = 7-1356 kJ/kg K,
ts = 119 43C.
Considering constant pressure reheating 3-4 (fig. 5-5):
At 3, i.e. after throttling the steam is dry saturated at 1 95 bar. The steam is then 

re-heated at constant pressure until the steam is superheated by 60*C, i.e. at 4 the 
steam is at a pressure of 1-95 bar and with 60‘C of superheat.

i.e. 6 -
v

~ ~  = 1 7275 + x2 (6 9405-17275)
/

/. X2 = 0-9879
Enthalpy at 1, H j » H S1 +  kp (tsupi -  tsi)

= 2,792-2 + 2-1 (305 -  198 32) = 3,016 23 kJ/kg
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Fig. 5-5. Cycle of operations on H-*J> diagram.

As the dry saturated steam .at 3 is re-heated at constant pressure until the steam 
is superheated by 60‘C, the heat supplied during constant pressure re-heating process 
3-4 will be given by kp(tSup -  ts) = 2-1 (60) = 126 kJ/kg.

(c) Enthalpy at 4, H4 (i.e. after re-heating 3-4)
= H3 + kp(tsup -  ts) = 2,705 5 + 2 1 (60) = 2,831-5 kJ/kg

Enthalpy at 5, Hs (i.e. after isentropic expansion 4-5)
= h5 + X5/.5 = 163 4 + 0-891 x  2,409 1 = 2,309 91 kJ/kg

Available work per kg of steam is equal to work available during isentropic expansion 
1-2 plus work available during isentropic expansion 4-5.

Available work per kg of steam = (Hi - H2) + (H4 - Hs)
= (3,016 23 -  2,705 5) + (2,831 5 -  2,309 91) = 832 32 kJ/kg.

Problem-15 : What is the final condition of the steam in each of the following operations,
if the initial condition is 095 dry and pressure is 8 bar ?

(i) The steam loses 293 kJ/kg at constant pressure, (ii) the temperature of steam
is reduced at constant volume to 15885'C, and (iii) steam receives 84 kJ/kg at constant
pressure and is then throttled to a pressure of 3 bar.

Take kp of superheated steam = 21 kJ/kg K.
(i) At constant pressure, the loss in heat will increase the wetness of steam. From 

steam tables, the enthalpy of evaporation of steam at 8 bar is 2,048 kJ/kg.

350 C

300

Considering isentropic ex-
pansion 4-5 (fig. 5-5),

d>4 (entropy of steam at 
1-95 bar and with 60'C su-
perheat)

= O5 (entropy of wet 
steam at 0 07 bar)

i.e. Oja + frploge '  SU fA

Ts4 \ /
=  <&w5 + *5  (<I>s5 -  <D|iv5)

i.e. 7-1356 +
(119 43 + 60 + 273^ 

2-1 |o9e ̂  -j i 9.43 + 273

= 0-5592 + x5(8-2758 -  0-5592)

xs = 0-891 (final dry-
ness fraction)
(b) Enthalpy at 2, H2 = en-
thalpy at 3, H3 = 2,705 5 kJ/kg,

i.e. Enthalpy at 3, H3 = 
2,705-5 kJ/kg and steam is 
/dry saturated.
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Increase in wetness due to removal of 293 kJ/kg = 2048 = °  or 7°̂ °

Final dryness fraction Of steam = 95 -  7 = 88% or 0-88 dry.
(ii) Since the saturation temperature at 8 bar (from steam tables) is 170-43‘C, the 

reduction in temperature at constant volume will lower the steam pressure to saturation
pressure at 158-85'C. This saturation pressure from steam tables is 6 bar.

From steam tables, at 8 bar, vs = 0 2404 m3/kg and at 6 bar, vs = 0-3157 m3/kg. 
Let X2 be the final dryness fraction. Then, since the volume remains constant,

>r,vs, = x2Vs2 x2 = = s a g , ! ? * !  = 0 7249 (final condition)

(iii) From steam tables, at 8 bar, h = 721-11 kJ/kg, L = 2,048 kJ/kg;
and at 3 bar, Hs = 2,725-3 kJ/kg, ts = 133 55'C
Enthalpy at 8 bar, and 095 dry (at commencement),

H = h + xL = 721 11 + 0 95 x  2,048 = 2,666-71 kJ/kg.
84 kJ/kg is supplied to this steam at constant pressure. The enthalpy will be 

increased to 2,666-71 + 84 =.- 2,750-71 kJ/kg and by reference to steam tables, the 
steam is still wet. This wet steam (at 8 bar) is then throttled down to 3 bar. During 
throttling process enthalpy before throttling and enthalpy after throttling is same i.e. 
Hi = H2.

Enthalpy of steam (H2) at 3 bar must also be 2,750-71 kJ/kg, which is greater 
than that for dry saturated steam (the enthalpy of dry saturated steam at 3 bar from 
steam tables is, 2,725-3 kJ/kg). From this we conclude that the steam is superheated 
after throttling.

Hf = H2 = Hs2 + kp(tSUp2 — tS2)
i.e. 2,750-71 = 2,725 3 + 21 (tsup2 -  133-55)

••• tsup2 = 145 64’C
i.e. Steam is superheated by 145-64 -  133-55 = 12 09” C

5.3 Steam Calorimeters
Many of the steam prime-movers are supplied with superheated steam. The enthalpy 

(total heat) of such a steam is readily determined when its pressure and temperature 
are known. However, there are many cases in which saturated steam or wet steam is 
supplied. The measurement of its temperature, when pressure is known, simply confirms 
the fact that the steam is saturated or wet. In no way it gives any information as to 
either the quality of steam or the enthalpy of steam.

To aid in the determination of the quality (dryness fraction) of wet steam, various 
types of steam calorimeters have been deviced. The types of colorimeters used for this 
purpose are :

-  Barrel calorimeter,
-  Throttling calorimeter,
-  Separating calorimeter, and
-  Combined Separating and Throttling calorimeter.

293
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The combined Separating and Throttling calorimeter is the type commonly used for 
accurate determination of dryness fraction of steam.

5.3.1 Barrel Calorimeter : If the steam is fairly wet, its dryness fraction may be 
estimated very easily by blowing certain quantity of steam into cold water contained in

a vessel of known water equivalent. 
A vessel (fig. 5-6) containing a 
measured quantity of water is placed 
upon the platform of a weighing 
machine and a supply of steam to 
be tested is brought into the vessel 
through the sampling tube placed in 
the main steam pipe. The steam, 
mixing in water, gives up some of its 
heat and raises the temperature of 
water. The mass of the apparatus is 
found before and after the experiment. 
The temperature of water is also taken 
before and after blowing in the steam.
Let p = Pressure in main steam pipe.

L ■ Enthalpy of evaporation corre-
sponding to pressure p,

ts = Temperature of formation of 
steam corresponding to pres-
sure p,

x m Dryness fraction of steam in 
the main pipe,

m « Mass of steam blown into the
Fig. 5-6. Barrel calorimeter. vesse  ,

M m Mass of cold water in the vessel at commencement plus the mass of water 
equivalent of the vessel,

ti = Initial temperature' of water,
t2 = Final temperature of water (mixture), and
k = Specific heat of water.

Then, Heat lost by wet steam = Heat gained by cold water
i.e. m [ xL + k (ts -  te) ] = M x k (t2  -  ti)

i.e. xL + k (ts — (2) = (M/m) k (t2 — ti)

Dryness fraction, x =
(M/m) k ( t 2 - U ) ~  k ( ts - t2 ) ...(5.17)

The barrel calorimeter is only accurate when large quantities of steam and cold 
water are used. The measured final temperature of the water may be lower on account 
of losses due to heat conduction and radiation.
Problem-16 : Two kg of steam at 7 bar was injected in a barrel type of calorimeter. 
The combined mass of water in the calorimeter and the water equivalent of the
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calorimeter was 56 kg at 15’C. The final temperature of the mixture resulting from the 
condensation of steam was 35'C. Calculate the dryness fraction of the sample of steam. 
Take specific heat of water as 4-187 kJ/kg K.

From steam tables, at 7 bar, L = 2,066 3 kJ/kg and ts = 16497’C.
Using eqn. (5.17), Heat lost by steam = Heat gained by water

M
i.e. xL + k (ts -  t2) = m x k(t2 - t i )

x k(t2 - U ) - k ( t s- t z)
. x  =   -----------------

^  x 4 187 (3 5 -1 5 )-4  187 x (164-97-35)
»  ---------------------------------------------------------- --- 0 87

2,0663
5.3.2 Throttling Calorimeter : This calorimeter works on the principle that moderate 

pressure steam has more total heat or enthalpy than that of low pressure steam. When 
steam passes through a small orifice, there is a drop in its pressure. As no external 
work is done by the steam when passing through the orifice in the throttling valve, the
enthalpy of steam before throttling must be equal to the enthalpy of steam after throttling.
Hence, if high quality steam at moderately high pressure is throttled, it tends to become 
superheated after throttling,, i.e. if the steam is fairly dry initially, the pressure drop 
during throttling will release sufficient heat to superheat the steam.

The throttling calorimeter (fig. 5-7) consists of a chamber, which is shaped to 
provide a thermometer pocket in the centre. The chamber has a throttling valve (orifice) 
at the top through which steam enters the calorimeter. The steam expands to a pressure

a little above atmospheric pressure 
after passing through the orifice. 
The steam leaves the calorimeter
and passes off into the atmosphere
through the exhaust pipe. The sam-
pling tube placed in the main steam 
pipe is connected to the calorimeter 
chamber.

The pressure of steam before 
passing through the throttle valve 
is measured by a steam pressure 
gauge (not shown) attached to the 
main steam pipe. The pressure of 
steam inside the calorimeter cham-
ber (after throttling) is measured by 
means of a manometer gauge, 
which i§ a glass U-tube containing 
mercury. The temperature of throttled 
steam is read by the thermometer 
placed in the pocket containing oil.

The throttling calorimeter is 
designed to throttle very nearly dry

Throttling 
Sampling v?*y*  ■—

-Th»rmomotor in pockct 
fillod with cyfifaf r oil

tubo

H.P. steam

T prossuro 
of tor 
throttling

Exhaust

Fig. 5-7. Throttling calorimeter.
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saturated steam, thus, producing superheated steam whose temperature and pressure 
can be measured. By reading the initial and final conditions (temperature and pressure) 
of the steam, its dryness fraction can be measured. The dryness fraction of steam (xi) 
is calculated as under :

i.e. + XjLf = HS2 + kp [ tsup2 — fS2 l
_ + kp (tsup2 — f^) — hy

'• x> ------------------1, -(5.18)

where tSup2 = temperature of superheated steam after throttling at pressure p2, and
ts2 = saturation temperature of steam corresponding to pressure p2 (from steam 

tables).
The value of kp is generally taken as 2-1 kJ/kg K.
Throttling calorimeter will only be useful, if the steam after throttling is superheated. 

It is useless if the steam in the main steam pipe is so wet that it remains wet after 
throttling (because the enthalpy of the throttled steam or wet steam cannot be estimated). 
If the steam has an absolute pressure of 20 bar, its dryness fraction must be greater 
than 0-93 if it is to be measured with this instrument, and at 7 bar the dryness fraction 
must exceed 0-96.
Problem-17 : In carrying out a test using a throttling calorimeter, to determine the 
quality of sample of steam from a steam main pipe at pressure of 11 bar, it was
found that the pressure and temperature of steam after throttling was 115 bar and
130'C respectively. Calculate the dryness fraction of sample of steam. Take kp of 
superheated steam as 2-1 kJ/kg K.

From steam tables, at 11 bar, h = 781-34 kJ/kg, L = 2,000-4 kJ/kg.
At 1-15, Hs -  2,681-7 kJ/kg, ts = 103 58‘C.
Enthalpy of wet steam before throttling = Enthalpy of superheated steam after 

throttling
i.e. h-f + XfL-f = HS2 + kp(tSUp2 — ts£\

i.e. 781 34 + x i x 2,000 4 = 2,681 7 + 21 (130 -  103 58)
1 Q55-84

Dryness fraction, xi = q q q ^  = 0 978 or 97-8%

5.3.3 Separating Calorimeter : In case steam cannot be throttled sufficiently in a 
throttling calorimeter to obtain superheated steam (i.e. if the steam to be tested is not 
of high quality or fairly dry to become superheated after throttling), a separating calorimeter 
may be used.

The separating calorimeter is simple in action and it may be used for testing steam 
of practically any degree of wetness. It works on the principle of separating the water 
mechanically from the steam by abruptly (suddenly) changing the direction of steam 
flow and collecting it in a chamber where its mass can be accurately determined.

The separating calorimeter consists of a cast iron body so constructed that , there 
is an inner chamber and outer chamber with space between them as shown in fig. 5-8.

Enthalpy of wet steam 
before throttling (at pressure p i)

Enthalpy of superheated steam 
after throttling (at pressure p2)
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The space between the chambers 
forms a jacket. The inner chamber 
has no direct connection with the 
outer jacket space, but it is connected 
at one side to a glass tube water 
gauge having an attached scale 
graduated to read in hundredths of 
a kg of water separated from steam. 
The outer chamber is connected to 
steam gauge which indicates the 
pressure in the outer jacket space. 
The guage is also graduated, by 
trial, to read the mass of steam 
passing through the instrument in ten 
minutes. At the bottom of the outer 
chamber is a small orifice of known 
size, through which the steam passes 
from the calorimeter.

When in operation, the sample 
of steam to be tested enters the 
calorimeter and passes down through 
the central passage into the per-
forated cup or separator, where its 
direction is reversed as shown by 
the arrows. The moisture being 

Fig. 5-8. separating calorimeter. heavier than the steam is left in the
cup and falls in the inner chamber where its amount may be read on the graduated 
scale attached to the gauge. The steam then passes upwards, enters the outer chamber, 
and flows through the orifice at the bottom as shown by arrows to the exhaust pipe. 
The gauge connected to the outer chamber indicates the mass of steam leaving the 
calorimeter in ten minutes.

If m is the mass of water collected in the inner chamber in a certain time, and 
M is the mass of steam measured in the same interval of time, then the dryness 
fraction of steam by definition, is

Inner chamber 
Outer chamber 
Dry steam path

Orific«

Drain Ois charge

_ M L
X ~ M+ m (5.19)

It may be noted that it is very difficult to separate out all the water from the wet 
steam and thus, the separating calorimeter is not very accurate. Under these 
conditions it would be necessary to use a combined separating and throttling calorimeter 
(fig. 5-9).
Problem-18 : In carrying out a test to determine the dryness fraction of a sample of 
steam, a separating calorimeter was used. The amount of moisture collected over a 
given period of time was one kilogram and the mass of steam on leaving the calorimeter 
during the same period was 10 kg. Determine the dryness fraction of the steam.

M 10Using eqn. (5.19), Dryness fraction of steam, x = M+ m 10+1 = 0 909 or 90 9%
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5.3.4 Combined separating and throttling calorimeter : Since mechanical separation 
of suspended water particles from wet steam cannot be perfect, a separating calorimeter

,Pressure gouge

.Ttwrmomtier

Mercjry
mono.‘*'.e.«r

Exhaust stea.71
Oram

is not so accurate as a throttling 
calorimeter. The operation of the throt-
tling calorimeter depends on the steam 
being superheated after throttling and 
it will fail in its purpose, if the steam 
is so wet before throttling that it 
remains wet after throttling.

Therefore, a very successful 
method of measuring the dryness 
fraction of very wet steam is by a 
combined separating and throttling 
calorimeter shown in fig. 5-9. In this 
instrument the sample of wet steam 
is first passed through the separating 
calorimeter where most of the moisture 
content (water) of the steam is 
separated and collected. The more 
drier sample of steam then passes to 
the throttling calorimeter where it is 
superheated after throttling. In estimat-
ing the dryness fraction of steam

Fig. 5-9. Diagrammatic sketch of a combined separating and 
throttling calorimeter.

supplied to the combined separating and ‘ throttling calorimeter, first the dryness fraction 
of the steam entering the throttling calorimeter is determined by using eqn. (5.18).

For the duration of experiment,
Let M = mass of steam passed through the throttling calorimeter after separating some 

water in the separating calorimeter,
mass of water collected in the separating calorimeter,
dryness fraction of steam entering the throttling calorimeter, and

x = dryness fraction of the sample of steam (to be determined).
Then, total mass of dry steam present in the steam supplied = M x X2 and the 

total mass of steam supplied m M + m
Mass of dry steam present in the mixture 

Total mass of the mixture

X2  =

M  X  X2

M + m
X1 X X2

M

M 
M+ m X  X2

... (5.20)

where xi = -  from eqn. (5.19)M +m

Problem-19 : With a combined throttling and separating calorimeter, arranged in series, 
the following data was obtained for the determination of the dryness fraction of sample 
of steam taken from the steam pipe :



05  kg 
5 kg 
9 bar
16&8 mm of Hg 
733-6 mm of Hg 
110-3'C

Water separated in separating calorimeter 
steam discharged from the throttling calorimeter 
Steam pressure in main steam pipe 
Manometer reading 
Barometer reading
Temperature of steam after throttling

Calculate the dryness fraction of the sample of steam, taking specific heat of 
superheated steam at constant pressure as 2-1 kJ/kg K.

Absolute pressure of steam after throttling = 166 8 + 733-6 = 900-4 mm of Hg.
As 760 mm of Hg = 1-01325 bar, 900-4 mm of Hg = 1-2 bar.
From steam tables, at 9 bar, h = 742-83 kJ/kg, L = 2,031-1 kJ/kg;
and at 1-2 bar, Hs = 2,683-5 kJ/kg, ts -  104-8'C.
Considering throttling calorimeter,
Enthalpy before throttling = Enthalpy after throttling

i.e. h2 + X2L2 = Hg3 + kp (tsup3 -  tS3)
i.e. 742 83 + X2 x 2,031-1 = 2,683-5 + 2-1 (110-3 -  104-8)
. _ 1,952-72 _
-  *  ‘  2,0311 -  0 962

where x2 is dryness fraction of steam entering the throttling calorimeter.
Mass oi steam discharged from throttling calorimeter, M « 5 kg.
Mass of water collected in the separating calorimeter, m = 0 5 kg.
Dryness fraction of steam on entry to the separating calorimeter,
x -  Mass of dry steam present in the mixture _ M x xz _ 5 x 0 962 _

Total mass of the mixture -  M +m  ~ 5 + 0-5
Alternative method by using eqn. (5.20) :

M 5
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*1 = = 0 909; x2 m 0-962M +m  5 + 0-5
Using eqn.(5.20), Dryness fraction of sample of steam taken from main steam pipe,

x = x/ x x2 = 0-909 x 0-962 = 0-874 (same as before)
Problem-20 : A combined separating and wire-drawing calorimeter was used to measure 
the dryness fraction of steam supplied to a steam engine. The following observations 
were made :

Pressure of steam in steam pipe
Temperature of steam inside the wire-drawing calorimeter
Pressure of steam inside the wire-drawing calorimeter
Barometer reading
Steam used by the steam engine
Water collected in the separating calorimeter
Steam condensed on leaving the wire-drawing calorimeter

7 bar 
110’C
136 mm of water 
750 mm of mercury 
55 kg 
1 kg 
65 kg
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The entire steam was passed through the separating calorimeter. The last three 
readings were recorded simultaneously. Calculate the dryness fraction of the steam 
entering the calorimeter. Take kp of superheated steam as 21 kJ/kg K.

. Pressure inside the wire-drawing calorimeter after throttling
136 
136

From steam tables:

f750 = 760 mm of Hg, or 101325 bar.

p ts h L Ha
bar •C kJ/kg, kJ/kg kJ/kg

1 01325 100 — — 2,676-1

7 164-97 69722 2,066-3 -

Considering the throttling (wire-drawing) calorimeter,
Enthalpy before throttling = Enthalpy after throttling 

i.e. h2 + X2L2 = HS3 + kp (tsup3 -  tS3) 
i.e. 697 22 + X2 x 2,006 3 = 2,676 1 + 2-1 (110 -  100)
/. X2 = 0 9674 where x2 is the dryness fraction of the steam leaving the separator 

and enterting the throttling calorimeter.
/. Mass of dry steam present in the steam supplied = 0-9674 (6-5 + 55) = 59-5 kg.

Total mass of wet steam (mixture) = 1 + 6-5 + 55 = 62-5 kg.
Dryness fraction of steam before it enters the separator, i.e., dryness fraction 

of steam in steam pipe line,
Mass of dry steam present in the mixture _ 59 5 _ Qg52 

x Total mass of the mixture ~ 62-5

= 0 984; *2 = 0-9674

Alternative method by using eqn. (5.20)
_ M _ 6-5 + 55

Xl ~ M + m ~  (6-5 + 55) + 1
JUsing eqn. (5.20), Dryness fraction of steam before it enters the separator,

x = x1 x x2 = 0-984 x 0-9674 = 0 952 (same as before)
Problem-21 : A combined separating and throttling calorimeter was used to measure 
the dryness fraction of steam supplied to a steam engine. The following observations 
were made :

Absolute pressure of steam in steam pipe
Pressure of steam inside the throttling calorimeter as 
measured by mercury manometer
Barometer reading
Temperature of steam inside the throttling calorimeter 
Steam used by the steam engine 
Water collected in the separating calorimeter 
Steam condensed on leaving the throttling calorimeter

.. 7 bar (700 kPa)

.. 8 kPa above 
atmospheric pressure

..,97 kPa
£  111'C
.. 56-1 kg
.. 09 kg
.. 05 kg
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The entire steam was passed through the separating calorimeter. The last three 
readings were recorded simultaneously. Calculate the dryness fraction of steam entering 
the calorimeter. Take kp of superheated steam as 2-1 kJ/kg K.

Absolute pressure inside the throttling calorimeter
= 8 + 97 = 105 kPa (1 05 bar)

From steam tables:

p ts h L H,
bar •c kJ/kg, kJ/kg kJ/kg

105 101 — _ 2,677-6

7 164-97 697-22 2,0663 -

Enthalpy before throttling = Enthalpy after throttling 
i.e. h2 + * 2̂ -2 -  Hs3 + kp (tSUp — fsa) 

i.e. 697-22 + X2 x 2,066-3 = 2,677-6 + 2-1 (111 -  101) 
x2 = 0 968

where X2 is the dryness fraction of steam leaving the separator and enterting the 
throttling calorimeter.

Mass of dry steam present in the steam supplied = 0 968 (6-5 + 56-1) = 60-6 kg.
Thus, total mass of wet steam (mixture) = 0-9 + 6-5 + 56-1 = 63-5 kg.
/. Dryness fraction of steam before it enters the separator i.e., dryness fraction of 

steam in steam pipe line,
_ mass of dry steam present in the mixture _ 60-6 _ Q 

totaii mass of the mixture (wet steam) ~~ 63-5 -
5.4 Summary of Results

Expressions derived in this chapter may be summarised as under :

, Process Remarks Equation for final 
condition of steam

Work done on pis-
ton tV, kJ/kg

Heat Transferred O 
kJ/kg

Constant volume _ X1V81 = XzVs2 0 Uz -  Ui
Constant pressure- 
Constant tempera-
ture (isothermal)

Represents evapora-
tion of wet steam

— 10s p x  VS{K 2 - X 1 ) 

103

H z -  H i

Hyperbolic pv = C Pi (X1VS1) = pz  (XZVs2) 10Jpi(xmi)log«(r)
103

W +  (uz  -  u,)

Polytropic p\P = c Pi ( X iV s i f  =  p z  (XzVgz)" ^ 0 S(P^X^Vs^ -  pzX2Vs2)

1 03 (n -  1 )

\N + (uz  -  u \ )

Isentropic (Friction- 
less adiabatic)

Constant entropy d>1 = 4*2 U1 -  uz 0

Throttling Constant enthalpy

iII£

0 0 !l

Note : pi and p2  are pressures in bar

Tutorial - 5
1. (a) Differentiate between a vapour and a gas ?

(b) State the important characteristics of the process of vapour formation from liquid state.
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2. (a) State important thermodynamic vapour processes.

(b) State equations expressed in terms of state parameters for different vapour processes.

3. (a) Explain how the quality of vapour at final state is determined in case of the following thermodynamic processes:
(a) Constant volume process,
(b) Isothermal process, and
(c) Throttling process.

(b) Explain how the work done is determined for the following thermodynamic vapour processes :
(a) Constant pressure process,
(b) Isentropic process, and
(c) Polytropic process.

4. (a) Isothermal process is also a constant pressure process for a wet vapour, while it is a hyperbolic process for 
a superheated vapour. Explain this statement.
(b) One kg of steam initially at 1 bar (100 kPa) and 0-65 dry is heated at constant volume until the pressure 
becomes 2-5. bar. Determine final temperature (state) and the heat supplied during the process. Take kp of 
superheated steam as 2-1 kJ/kg K.

[340-5'c (superheated by 213-06*C); 1,114 82 kJ/kg]

5. One kg of steam at 7 bar and 250*C is cooled at constant volume until its pressure is 1-5 bar. Find : (a) its final 
quality, and (b) the change of internal energy during the process. Take kp for superheated steam as 2-1 kJ/kg K.

1(a) 0 281 dry; (b) -  1,707-4 kJ]

6. One kg of steam at an initial condition of 19 bar and 325*0 passes through constant pressure process until its 
quality (dryness fraction) becomes 0-85. Find ; (i) the work done, (ii) the change in enthalpy, and (iii) the change 
of internal energy. Take kp for superheated steam as 2-1 kJ/kg K.

[(i) -  77 57 kJ; (ii) -  527-45 kJ; (iii) -  449 88 kJ]

7. One kg of steam at a pressure of 17 bar (1-7 MPa) and 0-85 dry expands according to the law pv = constant 
until its pressure is 0-7 bar. Calculate : (a) the final condition of steam, (b) the change of enthalpy, (c) the change 
in internal energy, (d) the work done during the process, and (e) the interchange of heat between the steam 
and the cylinder walls, stating its direction. Take kp of superheated steam as 2-1 kJ/kg K.

[(a) superheated by 96-6*0; (b) 166 85 kJ/kg; (c) 166-85 kJ/kg; (d) 537-9 kJ/kg; 
(e) ♦  704-75 kJ/kg, heat is received by steam from the cylinder walls j

8. One kg of dry saturated steam expands from 10 bar to 1-5 bar polytropically with the law pv1'2 = constant. 
Calculate : (i) the final condition of steam, (ii) the change of internal energy, (iii) the work done during the process, 
and (iv) the heat transferred.

[(i) 0-813 dry; (H) -  447-85 kJ; (iii) 265-4 kJ; (iv) -  182-45 kJ]

9. One kg of steam at a pressure of 20 bar (2 MPa) and temperature 300*0 expands isentropically to a pressure 
of 0 5 bar. Determine : (a) the condition of steam at the end of expansion, (b) the change in internal energy,
(c) the work done per kg of steam during expansion. Take kp of superheated steam as 2-3 kJ/kg K.

[(a) 0-8206 dry; (b) 255 93 kJ/kg; (c) 255 93 kJ/kgJ

10. One kg of steam at 18 bar (1-8 MPa) and 250*C is expanded isentropically to 4 bar. Calculate, using steam 
tables only, the condition and volume of steam at the end of isentropic expansion. Take kp of superheated steam 
as 2-1 kJ/kg K.

(0-934 dry, 0-432 m3/kg]

11. Steam originally at 4 bar (400 kPa) and 0-9 dry expands polytropically in the cylinder with the law pv1-1 a 
constant until the pressure is 1 bar. Determine : (i) the change in internal energy per kg, (N) the work done 
during the process per kg, and (iii) the amount of heat supplied to or extracted from the steam per kg of steam 
during the process, stating the direction of the transfer.

((i) -  13247 kJ/kg; (ii) 198 kJ/kg; (Hi) + 65-53 kJ/kg, heat is supplied to steam)

12. At a particular instant during the expansion stroke in a steam engine, the volume of steam in the cylinder was 
0 015 m3, the pressure and dryness fraction being 8-5 bar and 0-98 respectively. At a later point during the 
expansion stroke the volume and pressure had become 0-05 m3 and 2 bar respectively. Determine : (a) the 
index of polytropic expansion, (b) the work done per kg of steam between these points, and (c) the change in 
internal energy per kg.

[(a) 12; (b) 201-65 kJ; (c) -  336 2 kJ|
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13. Two kg of steam at 16 bar and 250’C undergoes frictionless adiabatic (isentropic) process until its pressure is 

0-15 bar. Find : (a) the final quality of steam, (b) the change in enthalpy, and (c) the change in internal energy. 
Take kp of superheated steam as 2-1 kJ/kg K.

. [(a) 0 8106 dry; (b) -  1,492 2 kJ; (c) -  1,300 5 KJ]

14. One kg of steam at 8 5 bar and 175’C goes through frictionless adiabatic process until its pressure is 1-1 bar. 
Determine :

(a) the final quality of steam, and
(b) the work done. Take kp for superheated steam as 2-1 kJ/kg K.

((a) 0 8874 dry; (b) 305-19 kJ]

15. (a) One kg of steam is throttled from a pressure of 1-1 bar to a pressure of 11 bar (110 kPa) and 125’C. Using 
the s te a m  ta b le s  o n ly , find the quality of steam before throttling. Take kp of superheated steam as 2-1 kJ/kg K. 
(b) Steam at 12 bar and 0-95 dryness is throttled to a pressure of 1 bar. Using steam tables only, evaluate the 
final quality of the steam. Also estimate the change of entropy per kg during this process. Represent the throttling 
process on T-4> and H-*I> diagrams. State whether this process is reversible or not. Justify your statement giving 
reasons. Take kp of superheated steam as 2-1 kJ/kg K.

[(a) 0 9728 dry; (b) 104-46'C (superheated by 4 83'C); 1-0802 kJ/kg K]

16. One kg of steam at 18 bar and 250'C is expanded isentropically to 4 bar. Calculate using the s te a m  ta b le s  
o n ly  : (a) the condition and volume of steam at the end of isentropic expansion, and (b) the final temperature, 
if the isentropic expansion is followed by a throttling process to a pressure of 1 -1 bar. Assume kp of superheated 
steam as 2-1 kJ/kg K. Show the operations on H-4> chart.

1(a) 0-9315 dry, 0 4307 m3;
(b) 102-31'Cj

17. One kg of steam at pressure of 9 bar and 0-96 dry expands isentropically to 1 bar and then cooled at constant 
volume to a pressure of 0-15 bar. Determine, using the s te a m  ta b le s  o n ly , the dryness fraction of the steam in 
its final state.

[0 1434 dry]

18. One kg of steam at a pressure of 15 bar and with 100’C of superheat, is throttled to 9 bar and then expanded 
isentropically to 3-5 bar. Calculate with the help of s te a m  ta b le s  :
(a) the temperature of steam after throttling, and
(b) the temperature of steam after isentropic expansion.

Take kp of superheated steam as 2-1 kJ/kg K.
{(a) 284-4'C (superheated by 109 05'C); 

(b) 166-8‘C (superheated by 27-92'C)]

19. Steam at 8 5 bar and 182-6'C is throttled to 4-5 bar and then expanded isentropically to 0-3 bar. Determine 
using the s te a m  ta b le s  o n ly  :
(a) the temperature of steam after throttling, (b) the gain of entropy per kg during throttling, (c) the final quality 
of steam, (d) the change in enthalpy per kg during isentropic expansion, and (e) the change in internal energy 
per kg during isentropic expansion. Is the change a gain or loss of internal energy ? Draw the operations on 
the r-®  and H-Q> diagrams. Take kp for superheated steam as 2-1 kJ/kg K.

[(a) 170 7’C (superheated by 22 77'C); (b) 0 2814 kJ/kg K; (c) 0 8824 dry;
(d) 440 61 kJ; (e) -  382 81 kJ i.e. loss of I.E.]

20. One kg of steam at a pressure of 10 bar and superheated to a temperature of 250*C, is expanded isentropically 
to a pressure of 3 bar and then throttled to 1 bar. Determine, using the steam tables only, the remaining quantities 
and fill in the blanks in the table given below :

Serial no. Pressure bar Quality of steam Volume of 
steam m3/kg

Total entropy of 
steam kJ/kg K

Enthalpy of 
steam kJ/kg

1 10 Superheated to 
temp, of 250*C

- - -

2 3 — _ _ _ _  j

3 1 - - - -

Also determine the pressure at which the steam becomes dry saturated during the expansions. Take kp o f  
superheated steam as 2-1 kJ/kg K. Show the operations on H-®  diagram.
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Serial no. Pressure bar Quality of steam Volume of 
steam m3/kg

Total entropy of 
steam kJ/kg K

Enthalpy of 
steam kJ/kg

1 10 Superheated to 
temp, of 250‘C

0-225 6-8929 2,925-29

1 2 3 0 9815 dry 0 5947 68929 2,685
| 3 1 Superheated to 

temp, of 104-1‘C
1-716 73818 2,685

Pressure at which steam becomes dry saturated, (i) during isentropic expansion, 4 bar, and
(ii) during throttling, 1-25 bar]

21. Describe carefully any method of determining the dryness fraction of steam supplied to a steam engine. Discuss 
fully the precautions which have to be taken and state what degree of accuracy you expect to obtain.

22. (a) Explain the working of a wiredrawing calorimeter. Make suitable sketches to show its construction. What 
are the limits of use of such an instrument ?
(b) Two kg of wet steam at 7 bar are injected into a barrel type calorimeter containing 72 kg of water at 16*C. 

The water equivalent of the tank is 9 kg. If the final temperature resulting from condensing the steam is 28*C, 
determine the quality of the steam entering the calorimeter. Take specific heat of water as 4-.187 kJ/kg K.

]0-7134 dry]

23. Three kg of steam at 1 5 bar was blown into a barrel type calorimeter which contained 36 kg of water at an 
initial temperature of 16*C. The mass of copper calorimeter is 11 kg and steam was blown through a pipe having 
water equivalent of 0-125 kg. If the temperature of the resulting mixture was 55'C and the specific heat of copper 
is 0-3852 kJ/kg K, find the dryness fraction of the steam entering the calorimeter. Take specific heat of water 
as 4-187 kJ/kg K.

[0 807]

24. Make a neat sketch of a throttling calorimeter and describe carefully how you would use it to determine the 
quality of steam supplied to an engine.

A boiler supplies superheated steam at a pressure of 7 bar and 30'C of superheat. The steam on its way 
to the engine loses some heat in the steam main pipe leading to the engine as a result of which the condition 
of the steam changes. The condition of steam at the engine stop valve is determined by means of a throttling 
calorimeter. The pressure of the steam after throttling in the calorimeter becomes 1-1 bar and its temperature 
becomes 112‘C. With the help of the steam tables, calculate the dryness fraction of steam at the engine stop 
valve. Take kp of superheated steam as 2 kJ/kg K.

[0 9687]

25. Steam on its way to an engine passes through a steam separator in which greater part of the moisture (water) 
in the steam is separated out. The mass of water, thus, collected in one hour was 5 kg. and the engine uses 
in the same time 96-5 kg of steam. The test by a throttling calorimeter showed that the steam leaving the 
separator has a dryness fraction of 0-99. Calculate the dryness fraction of steam entering the separator.

[0 9412]

26. Give a diagrammatic sketch of a throttling calorimeter. What essential conditions must be fulfilled when using 
a throttling calorimeter ?

Steam at a pressure of 10 bar (1 MPa) was passed through a throttling calorimeter and reduced in pressure 
to 1 25 bar. The temperature of steam after throttling was observed to be 122*C. What is the quality of steam 
entering the throttling calorimeter ? Take kp of superheated steam as 2-01 kJI/kg K.

[0 97 dry]

27. In a test from a combined throttling and separating calorimeter, the following results were obtained :
Initial absolute pressure of steam, 13 bar (1-3 MPa); pressure of steam inside the throttling calorimeter after 

throttling as measured by mercury manometer, 17 kPa above atmospheric pressure; barometer reading, 98 kPa; 
steam discharged from the throttling calorimeter, 22 kg at 150'C; and water separated from separating calorimeter, 
2 3 kg. Estimate the dryness fraction of the steam entering the calorimeter. Take kp of superheated steam as 
21 kJ/kg K.

[0 9021]

28. Sketch diagrammatically a combined separating and throttling calorimeter.
The following data were obtained from a test using a combined separating and throttling calorimeter :
Steam pressure in main steam pipe -  4 5 bar
Water collected in separating calorimeter -  0 65 kg



Steam passing out of throttling calorimeter .. 4 75 kg
Manometer reading after throttling .. 86-6 mm of Hg
Temperature of steam after throttling .. 109-3‘C
Barometer reading .. 738-6 mm of Hg
Assuming kp for superheated steam to be 2-1 kJ/kg K, determine the quality of steam entering the calorimeter 

from the boiler.
[0-8592 dry]

29. (a) State the principle of throttling calorimeter. Why is it necessary under certain conditions to incorporate a 
separator with a throttling calorimeter ?
(b) The following data were obtained from a test with combined separating and throttling calorimeter :
Water collected in separating calorimeter 2 kg, steam condensed after leaving throttling calorimeter 20-5 kg, 
steam pressure in the main steam pipe 12 bar, barometer reading 749-8 mm of mercury, temperature of steam 
in throttling calorimeter 145’C, and reading of manometer 113 mm of Hg.

Estimate the dryness fraction of the steam in the main steam pipe. Take kp for superheated steam as 
21 kJ/kg K.

[0-9036]

30. What are the methods of determining the dryness fraction of steam ? Give limitations of each method.
During a test to find the dryness fraction of steam, with separating and throttling calorimeters in series, the 

following readings were obtained :
Pressure of steam in the main steam pipe ..1 0  bar
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956 mm of water 
754-91 mm of Hg 

, 111‘C 
0 5 kg 
28-5 mg

Manometer reading after throttling 
Barometer reading 
Temperature of steam after throttling 
Condensate from throttling calorimeter 
Drainage from separating calorimeter 
Calculate the dryness fraction of the steam entering the calorimeter from the boiler assuming kp of superheated 

steam as 2-1 kJ/kg K.
»  [09097]

31. Sketch and describe a combined separating and throttling calorimeter for determining the quality of steam.
In a test with a combined throttling and separating calorimeter, the following results were obtained :
Steam discharged from throttling calorimeter .. 22 kg at 150*C
Water separated in separating calorimeter 
Initial steam pressure 
Final pressure of steam after throttling 
Barometer reading
Estimate the dryness fraction of the steam entering the calorimeter. Take kp of superheated steam as 2-1 

kJ/kg K.
[0 9012]

2-3 kg 
13 bar
114 mm of Hg 
748-8 mm of Hg
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